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Abstract 
Metal ion implantation is shown here as an effective technique to fabricate highly compliant electrodes at room temperature on 
polymer substrates. By implanting 5 keV gold ions in polydimethylsiloxane we have fabricated micron-scale electrodes that 
conduct at 175% strain, have low surface resistance (< 1 kΩ/square) and negligible thickness (50 nm). These electrodes have 
been cycled over 105 times to 30% strain with minimal change in electrical characteristics, and find applications in flexible 
electronics, polymer sensors and actuators. Using these ion-implanted electrodes, we have fabricated arrays of mm-size dielectric 
electroactive polymer actuators capable of out-of-plane deflection up to 25% with excellent stability. 
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1. Introduction 
Dielectric electroactive polymer actuators (DEAs) combine low energy consumption, the ability to operate at 
large strain, and of order 103 Pa·m3/kg of actuation pressure per unit mass [1][2]. Their operation principle is simple: 
a soft elastomer sandwiched between two compliant electrodes is squeezed by a compressive electrostatic stress 
when a high voltage is applied. For free boundary condition, the stress leads to a thickness decrease and a surface 
expansion. If the surface is clamped at its edges, the resulted buckling deformation can be used as a diaphragm 
actuator. 
DEAs can be used in different domains: as robot manipulators [3][4][5] or as a linear motors (e.g., non-magnetic 
actuators for MRI applications) [6], for rehabilitation purposes [7], etc. They are generally reported as macroscale 
devices, with areas from cm2 to m2. Because of the challenge of making MEMS-compatible compliant electrodes 
with the ability to reliably conduct at strains of over 30%, there are few examples on miniaturized DEAs.  
For macro-scale applications the electrodes are generally fabricated with carbon powders technique [8][9], which 
cannot be readily used for the miniaturization. The main problems are the mechanical adhesion of the powder on the 
silicone elastomer [10] and the difficulty to work cleanly on the micron scale. A conventional technique for making 
electrodes is metal thin-film deposition. One issue with this technique is the elastic limit of metallic thin-films: they 
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 fracture at around 3% strain, though this can reach 100% if specially patterned structures are used, such as 
concentric rings or waves [11][12]. Another issue with thin metal films is their stiffness, as they have a Young’s 
modulus 4 to 5 orders of magnitude higher than polymers, hence reducing the motion of the polymer-based actuator. 
 
In our previous work, we have shown that metal ion implantation (MII) of gold into polydimethylsiloxane 
(PDMS) enables the fabrication of patternable compliant electrodes with a high electrical conductivity, a low impact 
on the mechanical properties of the elastomer and a high maximal strain before loss of conductivity [13][15]. MII 
creates nanometer-size clusters in the top 50 nm under the surface (Figure 1) [14]. A continuous electrical network 
is assured through a direct physical contact between the metallic particles. Since they are not chemically bonded, 
when submitted to strain the nanoparticles can easily move relative to each other while maintaining an unbroken 
conduction path. Thus the metal-elastomer composite is much less rigid than what would be obtained if the same 
amount of metal were evaporated or sputtered rather than implanted. In [15] we have shown that even at 175% strain 
the ion-implanted PDMS remains conductive and that after 105 cycles between 0 and 30% strain the conductivity is 
maintained. We have also presented diaphragm actuators with maximum out-of-plane deflections of 7% of the 
device diameter [16]. Here we present actuators with an out of plane deflections up to 25% of the diameter, obtained 
by using MII technology and a new fabrication process. 
2. Actuator fabrication 
To implant the gold ions, we use a plasma-based MII technique called filtered cathodic vacuum arc (FCVA). It is 
based on a pulsed vacuum arc plasma source operating at a low energy (5 keV) and a high ion flux (1014 ions/pulse). 
The latter is essential in order to reach the desired dose for good conductivity (1·1016 − 5·1016 at/cm2) in a reasonable 
amount of time (few minutes per cm2). The actuators were fabricated at the chip level. The process flow consists of 
implanting and sputtering gold electrodes on both sides of a PDMS membrane and, bonding it to a Pyrex chip on 
which corresponding gold contacts have been deposited (Figure 2). 
 
  
Figure 1. TEM cross-section of a gold implanted PDMS film 
implanted  with an FCVA source at 5 keV. The gold forms 
clusters at and below the surface of the PDMS. The direction of 
implantation is from the top left of the figure. Details are given 
in [14]. 
Figure 2. Schematic view of the membrane actuator. The circular membrane 
of PDMS is defined by the through-hole in the Pyrex chip. On both sides of 
PDMS first implantation and then deposition of Au was performed. The gold 
contact electrode ensure low contract resistance, and hence an RC time 
constant lower than the mechanical time constant.  
The first step consists of spinning on a 100 mm Si wafer a 2 μm-thick photoresist (PR) layer that serves as 
sacrificial layer. The wafer is heated to 100 °C for 1 minute. PDMS is prepared (Sylgard 186, Dow Corning, 10:1 
wt) according to the manufacturer’s indications and then diluted with isooctane (10:9 wt) in order to lower its 
viscosity. The mixture is spin-coated on the PR-coated Si wafer. To minimize the residual tensile stress the 20 to 30 
μm thick PDMS is left to cure at room temperature for two days. The wafer is then diced into 18×18 mm2 chips. To 
create a good electrical contact between the backside implanted zone and the edge of the chip, gold electrodes that 
extend to the chip’s edges are sputtered on a PDMS chip, which is followed by a patterned implantation with gold 
ions through a steel shadow mask. Holes (1.5 − 3 mm diameter) are sandblasted into a Pyrex wafer, which is then 
diced into slightly larger chips than the PDMS (i.e. 20×20 mm2). A gold-sputtered electrode, identical to the one 
made on the PDMS chip, is patterned on the Pyrex chip. After an oxygen plasma treatment of both chips the 
implanted PDMS is bonded on the Pyrex in a way that the implanted zones on the PDMS form the backside 
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electrode of the actuator. Finally the freestanding membranes on the Pyrex chip are obtained after the removal of the 
the silicon chip and the sacrificial PR layer with acetone. At the end, the top gold contact electrodes are sputtered 
and implanted on the PDMS top side through a shadow mask. The electrical actuation of the samples was 
established by wires which were directly connected with gold contact pads. The final result is a 2x2 cm2 chip 
consisting of 4 independently addressable membranes (Figure 3).  
3. Results 
The process flow introduced here presents several advantages compared to the previous methods we have used to 
make diaphragm DEAs [13][16]. By replacing the conductive silicon chip with an insulating Pyrex chip, the 
dielectric breakdown limit has been doubled (from 1.5 kV up to 3 kV) and the displacement of our actuators has 
thus been increased by a factor of 4 (Figure 4). 
Also a much lower RC time constant are obtained by introducing a patterned backside electrode which is 
connected to the power supply by a low-resistance gold strip. Our previous actuators had a slow response time (15-
500 ms) in spite of an actuator capacitance of order 10 pF. This was due to the very poor contact between the bottom 
implantation and the chip resulting in series resistance of the actuator that was in the range of 1010 Ω. Figure 5 shows 
the dynamic response of one of our actuators to a 700 V voltage step, showing underdamped behavior corresponding 
to a 1.3 kHz mechanical resonance frequency. The response speed, which was electrically limited on our previous 
devices due the problems mentioned above, is mechanically-limited with the improved process flow. 
 
  
Figure 3. Completed chip with 4 devices 
buckling at 1500 V.  
Figure 4.  Normalize vertical deflection vs. applied 
voltage for three different device diameters. 
Figure 5. Response of an actuator to a voltage 
step, showing a response time of order 1 ms. 
The stability of the actuator’s static deflection was investigated by recording the buckling height of a «3 mm 
actuator during 20 hours (Figure 6). First the voltage is switched from 0 V to 1500 V resulting in a rapid buckling of 
the membrane to a height of 330 μm. Over the next 30 minutes a slow increase to a height of 380 μm was observed. 
It is because of the stress-induced alignment of the polymer chains that this additional slow increase of the 
deflection appears. After the stabilization, the vertical deflection of the membrane remains unchanged for more then 
20 hours. Finally, setting the voltage again to 0 V, the membrane quickly returns to a height of 50 μm, and it takes 
again approximately 30 minutes until the membrane returns to its original flat position.  
We have also investigated the degradation of the deflection after a large number of cycles. A 20 Hz square wave 
of amplitude 1.5 kV was applied on a «3 mm actuator. Every 30 minutes (36’000 cycles) the oscillations were 
stopped for 30 seconds at 1.5 kV, i.e. at the maximum vertical displacement. Then the height was measured, and the 
process was iterated for a total of 1.3x106 cycles. The maximum deflection at the start of the experiment was 359 
μm, and 371 μm  after the 1.3 million cycles, showing the device can operate reliably after a large number of cycles. 
The small increase in the static deflection’s amplitude after a large number of cycles is attributed to chain 
rearrangements in the polymer. 
4. Conclusion 
We have presented a new process flow for the fabrication of miniaturized dielectric elastomer actuators, based on 
ion-implanted silicone, which leads to vertical displacements 4 times higher compared to our previous reported 
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 results, as well as a much shorter response time. We have fabricated mm-size dielectric elastomer actuators on Pyrex 
chips capable of out-of-plane deflection up to 25% of their diameter, with response time below one millisecond. 
This large relative displacement, illustrates the reduced membrane stiffening impact of low-energy metal ion 
implantation compared to conventional thin-film deposition. The large displacement actuators reported here also 
presented very good stability properties, which together with the ability to pattern the implantation with a shadow 
mask will allow the development of large arrays of sub-mm size EAP actuators on chips, for applications such as 
arrays of individually tunable micro-lenses, micropump and micro-valve arrays for complex lab-on-chip devices, 
and arrays of single-cell manipulators. 
 
 
Figure 6. Static deflection measured on a «3 mm actuator at frequency of 20 Hz and a voltage of 1.5 kV. 
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